(Stella Chemifa, Osaka, Japan) were used for sample preparation. Multielement standard solutions for making the working calibration curves were prepared by mixing singleelement stock solutions for atomic absorption spectrometry (1000 μg ml -1 ), which were purchased from Wako Pure Chemicals (Osaka, Japan). Deionized water used throughout the present experiment was prepared with a Milli-Q Plus water purification system (Nihon Millipore Kogyo, Tokyo, Japan).
Samples
An urban particulate matter standard reference material of SRM 1648, issued from National Institute of Standards and Technology (NIST, Gaithersberg, MD, USA), was used to validate the present analytical method.
The PM10 samples examined in the present work were collected on the rooftop of the No. 7 building of the School of Engineering, Nagoya University. A PM10 sample collected on 25 December, 2003, was used to evaluate the present analytical methods. The PM10 samples collected daily during the period from 8 September, 2003, to 9 October, 2003, were used to examine the daily concentration variation of the elements in ambient air. A high volume air sampler installed with a 10-μm cut-off filter (HV-500F-10, Shibata Scientific Technology, Tokyo, Japan) was used to collect PM10 samples on quartz fiber filters (QR-100, Advantec Toyo Kaisha, Tokyo, Japan) at a flow rate of 800 l min -1 for 10 h per day.
Digestion of PM10 samples
The PM10 samples as well as urban particulate matter standard reference material (NIST SRM 1648) were decomposed by mineral acid assisted by a kitchen-type microwave oven. The decomposition vessel (Model P-70, San-ai Science, Nagoya, Japan), which consisted of a PFA inner vessel (DV-15; 15 ml in volume), a Teflon outer vessel (PT-70), and a polypropylene jacket (PP-70), was used for sample digestion. The procedures of the present microwave-assisted acid digestion for PM10 sample and NIST SRM 1648 are shown as a flow chart in Fig.  1 . The half part of the quartz fiber filter used for collecting PM10 samples or 10 mg of NIST SRM 1648 was put in the PFA inner vessel. In the case of PM10 samples, the quartz fiber filter was predigested by adding 5 ml of 1 + 1 HF, and the solution was heated almost to dryness on a hot plate. Then, 10 ml of an acid mixture (HNO3:HClO4:HF = 5:3:2) was added to the residual sample solution. Furthermore, the PFA inner vessel including the sample was put into a Teflon outer vessel, and was sealed tightly with a polypropylene jacket. Then, the sample was heated in a kitchen-type microwave oven (500 W) for 10 min. This procedure was repeated 3-times to completely decompose the sample. After cooling, the decomposed sample solution was heated almost to dryness to remove any excess HF. Finally, the residue was dissolved with 100 ml of 1 M HNO3, which contained the internal standard elements (Rh and Re; 5 ng ml -1 each) for the correction of matrix effects in the ICP-MS measurements.
Results and Discussion

Determination of major-to-ultratrace elements in NIST SRM 1648
First, urban particulate matter standard reference material of NIST SRM 1648 was analyzed in order to validate the present analytical method including sample decomposition and the ICP-AES/ICP-MS measurements.
The analytical results are summarized in Table 1 , in which 10 mg of the sample was used for analysis. In Table 1 , the analytical results are shown as the mean value ± standard deviation (SD), which were estimated from five independent experiments. In the last column of Table  1 , the ratios of the analytical values to the certified values are also indicated for a comparison. As can be seen in Table 1 , the observed values were in quite good agreement with the certified, non-certified, or consensus values 11 issued from NIST. Neodymium, Y, Ge, Bi, Dy, Er, Ho, Tb, and Tm were newly determined in the present work.
The relative standard deviations (RSDs) for most of the elements were less than 5%, although the elements with concentrations lower than 5 μg g -1 provided rather poor RSDs due to the low concentrations levels close to their analytical detection limits.
As can be seen in Table 1 , Zr and Hf provided analytical results significantly lower than the non-certified and consensus values, and the RSDs for Nb and Ta were more than 10%. These 4 elements are so-called refractory elements, and thus they were generally contained as stable oxides in PM10 samples. It was therefore considered that such elements could not be completely decomposed by the present digestion procedure. Therefore, the analytical results for Zr, Hf, Nb, and Ta are not used in the following discussion.
Determination of major-to-ultratrace elements in PM10 samples
Next, a PM10 sample collected on 25 December, 2003, was analyzed by the proposed analytical method. The concentration of PM10 on 25 December, 2003, was 74.8 μg m -3 . In this case, the quartz fiber filter used for collecting the PM10 sample was divided into three pieces, and each piece was analyzed independently to estimate the RSDs of the analytical data.
In the multielement analysis of PM10 samples, the filter blank values derived from the impurities of quartz fiber filter caused analytical errors, because PM10 samples were decomposed together with quartz fiber filters. Therefore, the filter blank values of analyte elements were estimated by analyzing only a quartz fiber filter in the same manner as the PM10 sample; the average values for 5 sheets of quartz fiber filter are shown in Table 2 .
The results for the determination of the elements in PM10 samples are summarized in Table 2 , in which the filter blank values were subtracted from the observed values. In Table 2 , the concentration ratios of the filter blank values to the analytical values are also listed as the correction factors (expressed in %). As can be seen in Table 2 , the elements with correction factors smaller than 10% are shown by a bold font, and thus the filter blank values for these elements were regarded as being negligible, compared to the analytical values. The RSDs of their analytical values were less than 5%, except for P and Tl. The large RSDs for P and Tl might be attributed to their low concentration levels. The correction factors for Al, Ca, Mg, Ba, Ni, Sr, Ce, La, and Pr, shown by the bold-italic font in Table 2 , were 10 -50%, but the analytical data for these elements were still reliable enough to use the following discussion. However, the correction factors for Nd, Y, Th, Sm, Gd, Yb, Er, Eu, Tb, Ho, Lu, and Tm were 50 -200%. These results indicate that their concentration levels in PM10 samples were at the same levels as the filter blank values, so that the RSDs of their analytical values provided rather large values (up to 21%). Even so, the analytical results for these 12 elements were available in the following discussion, as explained later. Elements with correction factors <10% are shown by bold fonts, 10 -50% by bold italic fonts, 50 -200% by normal fonts, and <200% by italic fonts. a. Mean ± SD (n = 3). b. Mean ± SD (n = 5). c. Correction factor is defined as the concentration ratio of filter blank value to analytical value, which is expressed as %. The correction factors for Ge, U, and Dy, which are shown by italic font in Table 2 , were more than 200%, indicating that the filter blank values were significantly larger than their analytical values. Furthermore, Mo and Na, which are also shown by italic font in Table 2 , could not be determined due to their extremely large filter blank values. Thus, the analytical results for Ge, U, Dy, Mo, and Na are not used for the following discussion, because of their unreliable data.
Daily variation of elemental concentrations in PM10 samples in ambient air
The daily variation of the concentrations of PM10 in ambient air for the sampling duration is shown in Fig. 2 . As can be seen in Fig. 2 , the concentrations of PM10 in ambient air were in the range from several to several-10 μg m -3 . In the case that the concentrations of PM10 were lower than 15 μg m -3 , some elements could not be determined because of a too small amount of the samples.
The daily concentration variations of 27 elements for the sampling duration are illustrated in Fig. 3 , which were calculated as their concentrations in ambient air from the analytical data for PM10 samples. In Fig. 3 , the average concentrations of the elements in ambient air are also shown as the numbers (unit: ng m -3 ) in each element box; the elements were arranged in the order of their average concentration values. The analytical result for Ce is shown as the representative for lanthanides, because the results for lanthanides were almost similar to each other, and Ce provided the highest concentration among them. As can be seen in Fig. 3 , the daily concentration variations of diverse elements in ambient air were in the range from sub-ng m -3 to several-1000 ng m -3 . In the cases of Ca, Fe, Al, Mg, Ti, Ba, Sr, Ni, Rb, Ce, La, Co, and Th, the filter blank values are also shown by the dashed line in Fig. 3 . It is noted here that some of the concentrations of Ca, ) of the elements in ambient air of Nagoya City during 8 September to 9 October, 2003. Sr, Ni, Rb, and Co were almost the same as the filter blanks, but most of the concentrations of these elements were much higher than the filter blanks. Thus, the analytical data for them were used to analyze their general trends of the daily concentration variations. However, the concentrations of Al, Mg, Ce, La, and Th in ambient air were mostly the same levels as, or lower than, their filter blanks. Therefore, the analytical data for them are excluded in the following discussion. The lower determination limits of P, Tl, and In are shown in Fig. 3 by dotted lines. The concentrations of P, Tl, and In in ambient air were almost at the same levels as the lower determination limits, so that the data for these elements are also deleted in the following discussion. Consequently, the analytical results for 18 elements (S, Ca, Fe, Zn, Ti, Mn, Pb, Ba, Cu, Sr, Ni, Sb, Sn, W, Bi, Cd, Co, and Cs) were used for the characterization of PM10 samples in ambient air.
Estimation of enrichment factors for the elements in PM10 samples
The enrichment factors (EFs) of analyte elements are often used for the characterization of various samples in the environment. The enrichment factor of the element is generally estimated as a normalized concentration ratio of an element in the sample to that in the continental crust, 12 which is expressed by
where [M]sample and [Mref]sample are the concentrations of M (analyte element) and the normalization reference element in the sample; [M]crust and [Mref]crust are their concentrations in the continental crust. 13 As the normalization reference element, Al is usually used because it is a chemically inactive or stable element among analyte elements. 12, 14, 15 However, as described earlier, the analytical results for Al were not reliable, so that Ti was chosen as an alternative normalization reference element in the present work, because Ti is also a chemically inactive element.
The EF values of analyte elements in PM10 samples are summarized in Fig. 4 , where the average EF values during the sampling duration are indicated by black circles, and the range of the maximum and minimum values are also shown by bars on them. In Fig. 4 , the elements are arranged in the order of the
EF values of the elements in the PM10 samples. It can be seen from Eq. (1) that the enrichment factor indicates the degree of the enrichment of an element, compared to its abundance in the earth crust. Thus, if the EF value of an element is close to unity, it means that the concentration of the element in the PM10 sample is similar to that in the earth crust. In such cases, soils and/or crustal minerals as natural emission sources are the dominant sources for PM10 particulates. On the other hand, it was considered here that if the EF value is larger than 5, the element M may have originated mostly from anthropogenic emission sources. 15 Thus, in the present paper, the elements with EF values larger than 5 are hereafter referred to as "anthropogenic-source elements", and those with smaller than 5 are referred to as "natural-source elements".
Marumo et al. reported that the elements in anthropogenic particulates produced by fossil fuel burning and waste incineration were mainly distributed in fine particles in ambient air. 16 Thus, in the present experiment, the distributions of diverse elements in different size particles were examined by analyzing the size-fractioned APM samples.
The sizefractioned APM samples used here were collected at the same sampling site during the same sampling period from 8 September, 2003 , to 9 October, 2003 , by an Andersen-type low volume air sampler. The distributions of the elements were evaluated as the size distributions factors (Dfine) of the elements in fine-particle fraction of PM10, which is defined by
where Cfine and Ccoarse are the concentrations of the elements in the fine-particle fraction (<2.1 μm) and coarse-particle fraction (>2.1 μm), respectively. The results are also shown in Fig. 4 as the white bars. As can be understood from the definition of Eq.
(2), the size distribution factor indicates the relative distribution of each element in the fine-particle fraction among the total. It can be seen in Fig. 4 that Sb, Bi, Cd, S, Sn, Zn, Pb, Cu, Ni, Cs, and Mn were distributed more than 50% in the fine-particle fraction (Dfine >0.5). The EF values of these elements in PM10 samples were also larger than 5, except for Mn and Cs. In other words, most of these elements in PM10 samples were anthropogenic-source elements. According to the geochemical classification of the elements, 17 these anthropogenic-source elements, except for Ni, belong to chalcophile elements. Since the volatilities of chalcophile elements are generally large, it is reasonable to consider that these chalcophile elements were preferentially distributed in the fine-particle fraction of PM10 emitted from anthropogenic emission sources.
On the other hand, natural-source elements with EF values smaller than 5 (Cs, Mn, Ba, Ca, Sr, Co, Fe, and Ti) belong to lithophile and siderophile elements. These lithophile and siderophile elements in PM10 samples mostly originated from natural sources, such as soils and crustal minerals. In addition, most of natural-source elements (Ba, Ca, Sr, Co, Fe, and Ti) were distributed more than 50% in the coarse-particle fraction (Dfine <0.5). These results indicate that soils and crustal minerals are the origins of coarse particles in ambient air. However, W was distributed more than 50% in the coarseparticle fraction, although its EF value was larger than 5. These results suggest that there is some anthropogenic emission source of coarse particles containing W in urban ambient air.
Correlation between the enrichment factors of the elements in PM10 samples and their mining influence factors
In order to take insight of the emission sources of the elements in PM10, the correlation between the EF values of analyte elements in PM10 samples and their mining influence factors (MIFs) is examined here. The MIF can be used as one of the indicators for human use of the elements. 18 The MIF values were calculated as the ratios of annual human use of the elements to their crustal reserves, as defined by the following equation, which was proposed by Reimann and Caritat:
The total tonnages of elements mined annually and those reserved in the upper 2 km of the earth crust were calculated from data in the literature. 13, 19, 20 The correlation between the EF values of the elements in the PM10 sample and their MIF values is shown in Fig. 5 , where anthropogenic-and natural-source elements are plotted as white and black circles, respectively. As can be seen in Fig. 5 , a positive correlation between the EF values and the MIF values was generally found for anthropogenic-source elements, although such a positive total tonnage mined annually ----------------------total tonnage in upper 2 km of the crust correlation was not found for natural-source elements. Such a positive correlation indicates that the elements with large industrial use were more enriched in the PM10 samples. However, the EF value for Cu in PM10 sample was relatively small in spite of its large MIF value. In previous work, 21 the present authors reported on the kinetic behaviors of the elements in the industrial waste incineration ashes, which is one of anthropogenic emission sources of PM10. According to the results in previous work, 21 Cu was not very much partitioned in fly ash during the incineration processes, even though Cu was totally enriched in industrial waste incineration ashes. Therefore, it should be considered that Cu is not very much emitted to ambient air from waste incinerators compared to other elements, in spite of the wide use of Cu in industrial production.
Conclusions
Multielement analysis of PM10 samples collected in ambient air of Nagoya City was carried out by ICP-AES and ICP-MS after sample decomposition. The daily concentration variations of ca. 30 elements in ambient air were in the range from sub-ng m -3 to several-1000 ng m -3 . It was found from analytical results that chalcophile elements were more enriched in the fineparticle fraction, which mostly originated from anthropogenic emission sources. On the other hand, since lithophile and siderophile elements were more distributed in the coarseparticle fraction than in fine-particle fraction, it was concluded that coarse particles certainly originated from soils and crustal minerals as natural emission sources.
